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FRPPHUFLDO UDZ PDWHULDOV  2[\JHQ FDUULHU SDUWLFOHV  KDYH EHHQ SURGXFHG ZLWK ERWK V SUD\GU\LQJ DQG LPSUHJQDWLRQ DQG
LQYHVWLJDWHG H[WHQVLYHO\ ZLWK UHVSHFW WR SDUDPHWHUV LPSRUWDQW IRU &/& RSHUDWLRQ VXFK DV UHDFWLYLW\ LQ EDWFK DQG FRQWLQXRXV
RSHUDWLRQVWUHQJWKGHIOXLGL]DWLRQSKHQRPHQDRSHUDWLRQDWKLJKWHPSHUDWXUHVDQGHIIHFWRILPS XULWLHVVXF KDV+6LQWKHIXHOLL
H[WHQGHG RSHUDWLRQDO H[SHULHQFH LQ ORQJ WHUP WHVWV RI SDUWLFOHV LQ WKH DYDLODEOH   N: SURWRW\SH IRUPRUH WKDQ  KRXUV







&KHPLFDOORRSLQJ FRPEXVWLRQ &/& LV D FRPEXVWLRQ WHFKQRORJ\ ZKHUH DQ R[\JHQ FDUULHU LV XVHG WR WUDQVIHU
R[\JHQ IURP WKH FRPEXVWLRQ DLU WR WKH IXHO WKXV DYRLGLQJ GLUHFW FRQWDFW EHWZHHQ DLU DQG IXHO 7KH WHFKQLTXH
LQYROYHVWKHXVHRIPHWDOR[LGHSDUWLFOHVZLWKWKHSXUSRVHRIWUDQVIHUULQJR[\JHQIURPDQDLU UHDFWRU WR D IXHO UHDFWRU
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,QW KH IXHO UHDFWRU WKH IXHO LQ JDVHRXV IRUP UHDFWV ZLWK WKH PHWDO R[LGH DFFRUGLQJ WR UHDFWLRQ  DQG LQ WKH DLU
UHDFWRUWKHUHGXFHGPHWDOR[LGHLVUHR[LGL]HGDFFRUGLQJWRUHDFWLRQ 
  <+++C++ \[\[PQ 20HPQ2P+Q&220HPQ+&  
\[\[ 20H20H2   C+ <   
7KH WRWDO DPRXQW RI KHDW HYROYHG IURP UHDFWLRQ  SOXV  LV WKH VDPH DV IRU QRUPDO FRPEXVWLRQ ZKHUH WKH
R[\JHQLVLQGLUHFWFRQWDFWZLWKWKHIXHO+RZHYHUWKHDGYDQWDJHZLWKWKLVV\VWHPFRPSDUHGWRQRUPDOFRPEXVWLRQ
LVWKDWWKH&2LVLQKHUHQWO\REWDLQHGLQDKLJKO\FRQFHQWUDWHGVWUHDPUHDG\IRUVHTXHVWUDWLRQDQGWKHUH LVQRFRVWVRU
HQHUJ\ SHQDOWLHV IRU JDV VHSDUDWLRQ  &/& XVHV ZHOO HVWDEOLVKHG ERLOHU WHFKQRORJ\ YHU\ VLPLODU WR FLUFXODWLQJ
IOXLGL]HG EHG ERLOHUV ZKLFK DOVRPHDQV WKDW FRVWV FDQ EH DVVHVVHGZLWK JUHDW DFFXUDF\   7KXV &/& FRXOG SOD\ D
VLJQLILFDQWUROHLQDFKLHYLQJODUJHUHGXFWLRQVLQHPLVVLRQVRI&2DQGKHQFHFRPEDWLQJJOREDOZDUPLQJ
7KH FULWLFDO LVVXHV WKDW QHHG WR EH DGGUHVVHG IRU DQ XS VFDOLQJ RI &/& WHFKQRO RJ\ IRU JDVHRXV IXHOV WR D
GHPRQVWUDWLRQ VWHS KDYH EHHQ LGHQWLILHG WRJHWKHU E\ WKH LQGXVWULDO DQG XQLYHUVLW\UHVHDUFK SDUWQHUV ,W ZDV WKH
REMHFWLYHRIWKH &/&*DV3RZHU SURMHFW WRHVWDEOLVKDQGYDOLGDWHVROXWLRQVWRWKHVHWRSLFV WKHUHE\HQDEOLQJDIXWXUH 
GHPRQVWUDWLRQ SKDVH
 ,GHQWLI\SURFHVVVXLWDELOLW\RIUDZPDWHULDOVFRPPHUFLDOO\DYDLODEOHDWFRPSHWLWLYH SULFHV
 (VWDEOLVK FRPPHUFLDO SDUWLFOH SURGXFWLRQ WHFKQLTXHV IRUXS VFDOLQJIURPODERUDWRU\IUHH]H JUDQXODWLRQ
$GDSWDOWHUQDWHSDUWLFO HSURGXFWLRQSDWKVZLWKSRW HQWLDOO\ORZHUSURGXFWLRQFRVWVVXFKDVLPSUHJQDWLRQ 
,QYHVWLJDWHSRVVLEOHHIIHFWVRIJDVLPSXULWL HVRQSDUWLFOHVSULPDULO\VXOIXU 
3HUIRUPORQJWHUPWHVWLQJWRFRQILUPPHFKDQLFDODQGFKHPLFDOLQWHJULW\RISDUWLFOHV 
0RGLI\DQ H[LVWLQJ&)%ULJWRLQWHUPHGLDWH&/&GHPRQVWUDWLRQXQLWDW N:WKVFDOH 
([WHQGDQGYHULI\PRGHOOLQJFDSDELOLW\IRUSURFHVVSHUIRUPDQFHRSWLPLVDWLRQDQGVFDOH XS
3HUIRUPS URFHVVDQGWHFKQRORJ\VFDOH XSWRSU HSDUHIRULQGXVWULDO 0:HGHPRQVWUDWLRQXQLW 
7KHSURMHFW LV SDUW RI WKHSKDVH ,, RI&&3 &2 &DSWXUH 3URMHFW YLD 6KHOO  DQG KDV EHHQ FDUULHG RXW LQ FORVH
FROODERUDWLRQ EHWZHHQ XQLYHUVLWLHV UHVHDUFK LQVWLWXWLRQV DQG LQGXVWU\  L &KDOPHUV 8QLYHUVLW\ RI7HFKQRORJ\
&KDOPHUV 6ZHGHQ LL &RQVHMR 6XSHULRU GH ,QYHVWLJDFLRQHV &LHQWLILFDV &6,& 6SDLQ  LLL9LHQQD8QLYHUVLW\ RI
7HFKQRORJ\ 789 $XVWULD LY 7DOOLQQ 8QLYHUVLW\ RI 7HFKQRORJ\ 787 (VWRQLD Y $/6720 3RZHU %RLOHUV
$3%)UDQFHDQG YL 6 KHOO*OREDO6ROXWLRQV,QWHUQDWLRQDO%91HWKHUODQGV  
7KLVSDSHUZLOOSUHVHQW WKHPDLQUHVXOWVRIWKHSURMHFWZLWKVSHFLDOIRFXVRQWKHR[\JHQFDUULHUGHYHORSPHQWDQG
WHVWLQJ ,WLVLPSRUWDQWWRGHYHORS DQR[\JHQFDUULHUZKLFKKDVFKDUDFWHULVWLFV LPSRUWDQ WIRUXVHLQD&/&XQLWVXFK
DVKLJKUHDFWLYLW\UHVLVWDQFHWRZDUGV DWWULWLRQDQGZKLFKFDQEHSURGXFHGLQODUJH TXDQWLWLHV DW UHDVRQDEOHFRVW 
2[\JHQ&DUULHU3URGXFWLRQDQG(YDOXDWLRQ 
,Q WKH ILUVW SKDVH RI WKH SURMHFW DSSUR[LPDWHO\  GLIIHUHQW R[\JHQ FD UULHUV EDVHG RQ 1L2 ZLWK 1L$O 2ZHUH 
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)LJXUH D7KHJDV\LHOGWR&2IRU1L EDVHGPDWHULDOEDVHGRQ1RYDPHWUHIUDFWRU\JUDGHVLQWHUHGDWGLIIHUHQWWHPSHUDWXUHV 19,72 EWKH
PHWKDQHIUDFWLRQIURPWKHRXWOHWIRUWKHSDUWLFOHVLQ)LJDDQGFWKHPHWKDQHIUDFWLRQ IRUVRPHR[\JHQFDUULHUVGRSHGZLWK0J2 7KHGDVKHG
OLQHLQGLFDWHVWKHFRQYHUVLRQIRUWKH1 9,72SDUWLFOH) RUD GHVFULSWLRQRIWKHDFWXDO0J GRSHGFDUULHUVVHHWKHZRUNE\-HUQGDOHWDO >@

WKHSUHSDUDWLRQVWDJH7KHR[\JHQFDUULHUPDWHULDOVZHUHLQYHVWLJDWHGZLWKUHVSHFWWRSDUDPHWHUVLPSRUWDQWIRU&/& 
VXFK DV UHDFWLYLW\ XQGHU DOWHUQDWLQJ R[LGL]LQJ DQG UHGXFLQJ FRQGLWLRQV PHFKDQLFDO VWUHQJWK DQG GHIOXLGL]DWLRQ
SKHQRPHQD >@ 7KH PRVW SURPLVLQJ PDWHULDOV ZHUH WKHQ SUHSDUHG XVLQJ VSUD\GU\LQJ D FRPPHUFLDO PHWKRG RI
SDUWLFO HSURGXFWLRQ ,QSDUDOOHOR[\JHQFDUULHUVZHUHSUHSDUHGE\WKHLPSUHJQDWLRQWHFKQLTXHDFRPPRQPHWKRGRI
SUHSDULQJ FRPPHUFLDO FDWDO\VWV >@
 3DUWLFOHSURGXFWLRQXVLQJLQGXVWULDOPHWKRGV 
2[\JHQ FDUULHU SDUWLFOHV ZLWKKLJKVSKHULFLW\JRRG IUHHIORZLQJSURSHUWLHVDQGKRPRJHQHLW\RQWKHPLFURVFDO H
ZHUHSUHSDUHGE\WKHLQGXVWULDOVSUD\ GU\LQJPHWKRGXVLQJFRPPHUFLDO UDZPDWHULDOV ,QRUGHU WRGRVRDSRZGHU 
PL[WXUH RI 1L2 Į $O2RU0J$O 2 DQGRU0J2DQGRU&D2+  ZHUH GLVSHUVHG LQ GHLRQLVHG ZDWHU ZLWK WKH
QHFHVVDU\ RUJDQLF DGGLWLYHV $IXUWKHUGHVFULSWLRQRIWKHUDZPDWHULDOVXVHGFDQEHIRXQGLQWKHSDSHUVE\-HUQGDOHW
DO >@  $SSURSULDWH DPRXQWV RI WKH DERYH PDWHULDOV ZHUH ZHLJKHG EHIRUH VXVSHQGLQJ LQ GHLRQLVHG ZDWHU 7KH
VXVSHQVLRQ ZDV KRPRJHQL]HG HLWKHU E\ PLOOLQJ LQ D SODQHWDU\ EDOO PLOO IRU VPDOO TXDQWLWLHV RU E\ PHDQV RI DQ
KRUL]RQWDODWWULWLRQPLOO IRUODUJHUDPRXQWV7KHZDWHUEDVHG VXVSHQVLRQZDV FRQWLQXRXVO\ VWLUUHGZLWK D SURSHOOHU
EODGHPL[HUZKLOHEHLQJSXPSHGWRWKH IOXLGVSUD\GU\QR]]OHSRVLWLRQHGLQWKHORZHUFRQHSDUWRIWKHVSUD\GULHU
W\SH 6'1LUR'HQPDUN$IWHUVSUD\GU\LQJWKHIUDFWLRQEHWZHHQDQG P ZHUHV HSDUDWHGIURPWKH
UHVW RI WKH VSUD\ GULHG SURGXFW E\ VLHYLQJ WKH FKDPEHU IUDFWLRQ ,Q RUGHU WR REWDLQ R[\JHQ FDUULHU SDUWLFOHV ZLWK
VXIILFLHQW PHFKDQLFDO VWUHQJWK VLQWHULQJ ZDV SHUIRUPHG LQ DLU DW DW WRS WHPSHUDWXUHV LQ WKH UDQJH RI & WR
&IRUKRXUVXVLQJKLJKWHPSHUDWXUHIXUQDFHV(QWHFK6ZHGHQ%RXYLHU 
,QDGGLWLRQWRWKHVSUD\ GULHG SDUWLFOHV DQHZR[\JHQFDUULH UZDVSUHSDUHGE\KRWLQ FLSLHQW ZHW LPSUHJQDWLRQ DW
&6,& XVLQJ 1L2 DV DFWLYH SKDVH DQG _$O2DVVXSSRUW  >@&RPP HUFLDOa$O2SDUWLFOHVRI +PZHUH
VLQWHUHGLQDIXUQDFHDW &IRUKRXUVWRREWDLQWK HVXSSRUW7KHR[\JHQFDUULHUZDVSUHSDUHGE\DGGLWLRQRYHU
WKHKRW _$O2 &RIDYROXPHRIDVDWXUDWHGVROXWLRQ0RI1L12+2DW &$QR[\JHQFDUULHU
ZLWK D 1L2 FRQWHQW RI  ZDV REWDLQHG E\ DSSO\LQJ WZR VXFFHVVLYH LPSUHJQDWLRQV IROORZHG E\ FDOFLQDWLRQV DW
& LQDLUDWPRVSKHUHIRUPLQXWHV)LQDOO\WKHR[\JHQFDUULHU ZDVFDOFLQHGIRUKRXUDW& REWDLQLQJ D
PDWHULDOZLWKDGHTXDWHSURSHUWLHV WREHXVHGDVR[\JHQFDUULHU
 2[\JHQ FDUULHU VFUHHQLQJ 
7KH R[\JHQ FDUULHUV SUHSDUHG  E\ IUHH]H JUDQXODWLRQ DQG VSUD\ GU\LQJ ZHUH WHVWHG ZLWK UHVSHFW WR SK\VLFDO
SURSHUWLHV FKHPLFDO FRPSRVLWLRQ JDV FRQYHUVLRQ XQGHU UHGXFLQJ DQG R[LGL]LQJ FRQGLWLRQV DV ZHOO DV UDWH RI
UHGXFWLRQ  7KH UHDFWLYLW\ LQYHVWLJDWLRQ ZDV FDUUL HG RXW LQ D EDWFK IOXLGL]HG EHG UHDFWRU ZKHUH WKH R[\JHQ FDUULHUV
ZHUH H[SRVHG WR DOWHUQDWLQJ&+DQG27KHR[\JHQFDUULHUVSUHSDUHGE\VSUD\GU\LQJ GLVSOD\HG D UHPDUNDEOH
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$OPRVWDOORIWKHR[\JHQFDUULHUVSUHSDUHGVKRZHGYHU\KLJKUHDFWLYLW\ZLWKPHWKDQH 7KHPHFKDQLFDOVWUH QJWKDQG
GHIOXLGL]DWLRQEHKDYLR UYDULHGEHWZHHQ WKH WHVWHGPDWHULDOV 7KHGHIOXLGL]DWLRQRI WKHVHR[\JHQFDUULHUVZDVPRVW
OLNHO\WRRFFXUIRUKLJKO\UHGXFHGSDUWLFOHVDWORZIOXLGL]LQJYHORFLWLHV7KHDSSDUHQWGHQVLW\DQGFUXVKLQJVWUHQJWK
RIWKHR[\JHQFDUULHUVFRXOGEHLQFUHDVHGE\LQFUHDVLQJWKHVLQWHULQJWHPSHUDWXUH+RZHYHUWKHIUDFWLRQRIXQUHDFWHG
&+ ZDV IDLUO\  XQFKDQJHG ZKHQ WKH VLQWHULQJ WHPSHUDWXUH ZDV LQFUHDVHG  7KH DSSDUHQW GHQVLW\ DQG FUXVKLQJ
VWUHQJWKFRXOGDOVREHLQFUHDVHGE\LQFUHDVLQJWKHVLQWHULQJWLPH)XUWKHU LQFUHDVLQJWKHVLQWHULQJWLPHUHVXOWHGLQD
FOHDUO\ LPSURYHG FRQYHUVLRQ RI &+ $ PDWHULDO EDVHG RQ 1RYDPHW UHIUDFWRU\ JUDGH 1L2 DQG $OPDWLV 6*




RI0J$O 2 DV WKH µLQHUW¶ LPSURYHG WKHPHWKDQH FRQYHUV LRQ VHH )LJXUH F ZKHUH D VHULHV RI GLIIHUHQW0JEDVHG





19,72 R[\JHQ FDUULHU VLQWHUHG DW &ZKLFKZDV  IRXQG WR KDYH SURPLVLQJ EHKDYLR U VHH)LJXUH  DE 7KH
SRVVLELOLW\ WR RSWLPL]H WKH PHWKDQ H FRQYHUVLRQ ZKLOH UHWDLQLQJ WKH R[\JHQ WUDQVSRUW FDSDFLW\ ZDV HYDOXDWHG E\
PL[LQJ GLIIHUHQW 1L EDVHG R[\JHQ FDUULHUV  ZLWK EHWWHU PHWKDQH FUDFNLQJ   $V ZDV VHHQ LQ WKH EDWFK UHDFWRU
LQYHVWLJDWLRQ L WZDV IRXQG WKDW WKH 19,72 SDUWLFOH KDG JRRG R[\JHQ WUDQVSRUW FKDUDFWHULVWLFV EXW KDG UHODWLYHO\
SRRUPHWKDQH FRQYHUVLRQ  7KH SDUWLFOHZLWK  ZW 0J2 DGGLWLRQ RQ WKH RWKHU KDQG VKRZHG H[FHOOHQW PHWKDQH
FRQYHUVLRQEXWZLWKSRRUR[\JHQ WUDQVSRUWFDSDELOLW\HVSHFLDOO\DW WKH ORZHU WHPSHUDWXUH7KHPL[WXUHRI WKH WZR
SDUWLFOHV UHVXOWHG LQ D SRWHQW R[\JHQ FDUULHU PL[WXUH ZLWK WKH GHVLUHG TXDOLWLHV 7KUHH H[SHULPHQWDO VHULHV ZHUH
FRQGXFWHGLQWKH:&/&XQLWLXVLQJRQO\WKHILUVWUHIHUHQFHVSUD\GULHGSDUWLFOH 1 9,72LLDFRPELQDWLRQRI
WKH UHIHUHQFHSDUW LFOH DQG WKH 0J2 EDVHG SDUWLFOH1 9,720J DQG LLL XVLQJ WKH SUHYLRXV PL[HG R[LGH V\VWHP
WRJHWKHU ZLWK  D VPDOO TXDQWLW\ RI WKH KLJKVXUIDFH DUHD LPSUHJQDWHG R[\JHQ FDUULHU EDVHG RQ 1L2 DQG $O2




WKHPHWKDQHIUDFWLRQFRXOGEHEURXJKWGRZQWRZKLOHVWLOOPDLQWDLQLQJD ORZ&2IUDFWLRQ DWWKHRXW OHWRIWKH
IXHOUHDFWRU 
7KH:WK&/&SODQWDW&6,&ZDVXVHGWRDQDO\]HWKHEHKDYLRUR IWKHLPSUHJQDWHGR[\JHQFDUULHUSUHSDUHGDW
&6,& GXULQJ FRQWLQXRXV RSHUDWLRQ DV ZHOO DV WR NQRZ WKH HIIHFW RI GLIIHUHQW RSHUDWLQJ FRQGLWLRQV IXHO JDV IORZ
VROLGV FLUFXODWLRQ UDWH DQG IXHO UHDFWRU WHPSHUDWXUH RQ WKH FRPEXVWLRQ HIILFLHQF\$Q LPSRUWDQW DGYDQWDJH RI WKLV
LQVWDOODWLRQZDVWKHSRVVLELOLW\WRFRQWURODQGPHDVXUHWKHVROLGVFLUFXODWLRQUDWHDWDQ\PRPHQWE\WKHXVHRIDVROLGV
YDOYH ORFDWHG DERYH WKH )5 7KH SURWRW\SH ZDV VXFFHVVIXOO\ RSHUDWHG GXULQJ  K RI ZKLFK  K ZHUH DW






*DVHRXV IXHOV QDWXUDO JDV UHILQHU\ JDV RU V\QWKHVLV JDV IURP FRDO JDVLILFDWLRQ XVHG LQ D &/& SURFHVV PD\
FRQWDLQ GLIIHUHQW DPRXQWV RI LPSX ULWLHV SULPDULO\ VXOIXUFRPSRXQGV+6&26HWFDQGOLJKWK\GURFDUERQV7KH
SUHVHQFH RI WKHVH FRPSRXQGV FRXOG DIIHFW WKH EHKDYLRU RI WKH R[\JHQ FDUULHU DQG PD\ UHVXOW LQ WKH DGRSWLRQRI 
LPSRUWDQWPRGLILFDWLRQVLQWKH&/&SURFHVV7KHHIIHFWRIWKHSUHVHQFHRIVXOIXUDQGOLJKWK\GURFDUERQVHWKDQHDQG
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SURSDQHZDV WHVWHGGXULQJ&+ FRPEXVWLRQLQWKH:WK&/&SODQWDW&6,& XVLQJWKH1L EDVHGR[\JHQFDUULHU
SUHSDUHGE\LPSUHJQDWLRQ 
7KH HIIHFW RQ WKH R[\JHQ FDUULHU EHKDYLRU DQG FRPEXVWLRQ HIILFLHQF\ RI VHYHUDO RSHUDWLQJ FRQGLWLRQV  VXFK DV
WHPSHUDWXUHDQG+ 6FRQFHQWUDWLRQWRSSP+6ZDV DQDO\]HG >@1LFNHOVXOILGH1L 6ZDV IRUPHG DW
DOORSHUDWLQJFRQGLWLRQVLQWKH)5ZKLFK UHVXOWHG LQ R[\JHQ FDUULHU GHDFWLYDWLRQ DQG ORZHU FRPEXVWLRQ HIILFLHQFLHV
+RZHYHU WKH R[\JHQ FDUULHU UHFRYHUHG WKHLU LQLWLDO UHDFWLYLW\ DIWHU D F HUWDLQ WLPH ZLWKRXW VXOIXU DGGLWLRQ 7KH
VXOILGHV ZHUH WUDQVSRUWHG WR WKH $5ZKHUH 62 ZDVSURGXFHGDV WKH ILQDO JDV SURGXFW $J JORPHUDWLRQ SUREOHPV
GHULYHG IURPWKHVXOILGHV IRUPDWLRQZHUHQHYHUGHWHFWHGGXULQJFRQWLQXRXVRSHUDWLRQ
7KHH[SHULPHQWVFDUULHGRXW LQSUHVHQFHRI OLJKWK\GURFDUERQVHWKDQHDQGSURSDQHGHPRQVWUDWHGWKHIHDVLELOLW\
RI XVH RI WKHVH IXHOV LQ &/& EHFDXVH QHLWKHU XQEXUQW K\GURFDUERQV QRU FDUERQ IRUPDWLRQ QRU DJJORPHUDWLRQ
SUREOHPVZHUHGHWHFWHGDWDQ\H[SHULPHQWDOFRQGLWLRQ >@
 %DVHG RQ WKH H[SHULPHQWDO FDUUL HG RXW LW ZDV FRQFOXGHG WKDW QR PDMRU SUREOHPV DUH H[SHFWHG GXULQJ &/&
RSHUDWLRQLQSUHVHQFHRIOLJKWK\GURFDUERQV DQGQHLWKHU LQSUHVHQFHRI VXOIXU LI UHDOLVWLF FRQWHQWYDOXHV LQ UHILQHU\
IXHOVLQWKHQHDUIXWXUHSSP+6DUHFRQVLGHUHG 
'HWDLOHG NLQHWLF WHVWLQJ
7KHNLQHWLFRI WKH UHGXFWLRQDQGR[LGDWLRQRI WKHR[\JHQFDUULHU VHOHFWHG IRURSHUDWLRQ LQ WKHN:SODQWDQG
SUHSDUHGE\ VSUD\ GU\LQJ ZDV GHWHUPLQHG WKURXJK WKHUPRJUDYLPHWULF WHVWV 7KH R[\JHQ FDUULHU H[KLELWHG D KLJK
UHDFWLYLW\LQERWKUHDFWLRQV7KHUHDFWLRQWLPHVIRUFRPSOHWHFRQYHUVLRQDW &ZHUH ORZHU WKDQPLQXWH IRU WKH
W\SLFDO FRQFHQWUDWLRQV H[LVWLQJ LQ WKH IXHO DQG DLU UHDFWRUV 8VLQJ WKH FKDQJLQJ JUDLQ VL]H PRGHO WR GHVFULEH WKH
UHDFWLRQV DFWLYDWLRQ HQHUJ\ YDOXHV IURP  WR  N-PRO ZHUH IRXQG IRU WKH  GLIIHUHQW UHDFWLRQV RI WKH R[\JHQ
FDUULHUZLWK&+2&2DQG+ 





RIVHYHUDORI WKHPRVWSURPLVLQJFDUULHUVDPSOHVZHUH WHVWHG XVLQJDFHUDPLF IOXLGL]HGEHG UHDFWRU ,WZDV VKRZQ
WKDWLQUHGXFLQJDWPRVSKHUHWKHVSUD\GULHG19,72 SDUWLFOHV VWDUWHG WRDJJORPHUDWHDW & DQGGHIOXLGL]HGDW
& 7KH SDUWLFOH GRSHG ZLWK RI0J2 LH19,720J VKRZHG LQFUHDVHG WHPSHUDWXUH UHVLVWDQFH DQG QR
GHIOXLGL]DWLRQZDVREVHUYHG DWDQ\WHPSHUDWXUHWHVWHGLH XSWR&
,QWHJULW\WHVWLQJLQN:JDVILUHG&/&XQLWV 
/RQJWHUPLQWHJULW\WHVWLQ JLQD N:UHDFWRU 
)URPWKHVFUHHQLQJSKDVHRIWKHSURMHFWWKH19,72 SDUWLFOH VLQWHUHGDW °&ZDVVHOHFWHGWREHLQYHVWLJDWHG 
IRU ORQJ WHUP RSHUDWLRQ !  K ZLWK QDWXUDO JDV DQG VWXG\ FKDQJHV ZLWK UHVSHFW WR UHDFWLYLW\ DQG SK\VLFDO
FKDUDFWHULVWLFV RIWKHSDUWLFOH7KLVVWXG\ZDVSHUIRUPHGLQ&KDOPHUVN:XQLWDQG KR IIXHORSHUDWLRQZHUH
DFKLHYHG 7KH ILUVW  K ZHUH DFFRPSOLVKHG XVLQJ D VLQJOH EDWFK RI SDUWLFOHV 19,72 7KH ODVW  K ZHUH
DFKLHYHG XVLQJ D PDVV PL[WXUHRIWKHILUVWEDWFK LHSDUWLFOHVWDNHQIURPWKHSUHYLRXVKRIRSHUDWLRQ DQGD
VHFRQGE DWFK 1 9,720J ZKLFK ZDV YHU\ VLPLODU LQ FRPSRVLWLRQ EXW ZLWK DQ DGGLWLRQ RI 0J2 DV GHVFULEHG
DERYH  7KH JDV FRQYHUVLRQ ZDV JHQHUDOO\ KLJK VHH )LJXUH  +RZHYHU WKH&+ ZDV EHWZHHQ  EHIRUH WKH
VHFRQGEDWFKZDVDGGHGEXWGHFUHDVHGWRDURXQG DIWHUDGGLWLRQRIWKHQHZSDUWLFOHV  
1R GHFUHDVH LQ UHDFWLYLW\ ZDV VHHQ GXULQJ WKH WHVW SHULRG 1R JDV OHDNDJH EHWZHHQ WKH UHDFWRUV ZDV GHWHFWHG
$JJORPHUDWLRQRISDUWLFOHVRFFXUUHGRQ VRPH RFFDVLRQV7KHDJJORPHUDWHVZHUHVRIWDQGFRXOGEHFUXVKHGDQGUH
LQWURGXFHGLQWRWKHUHDFWRUV\VWHP 
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'XULQJWKHKRIH[SHULPHQWVLQWKHN:XQLWWKHORVVRIILQHVGHFUHDVHGVORZO\WKURXJKRXWWKHWHVWSHULRG
$QHVWLPDWHGSDUWLFOHOLIHWLPHRIKZDVFDOFXODWHGIURPWKHORVVRIILQHV+RZHYHULIWKHPLFUR DJJORPH UDWHV
IRUPHG GXULQJ RSHUDWLRQ ZHUH WR EH LQFRUSRUDWHG LQ WKLV PHDVXUH WKH UHVXOWLQJ OLIHWLPH ZRXOG EH VLJQLILFDQWO\
UHGXFHG 

)LJXUH )UDFWLRQVRI&+ &2 DQGȘ FRPE DVIXQFWLRQVRIWLPH IRUORQJWHUPLQWHJULW\WHVWVLQN:
UHDFWRUDW&KDOP HUV
,QWHJULW\WHVWLQJLQD KRWEHQFKVFDOH&/&XQLW 
$VSHFLILF KRW LQWHJUDWHG SLORW KDV EHHQGHVLJQHG DQGEXLOW E\$/6720 WRVWXG\WKHDWWULWLRQEHKDYLRURI
R[\JHQFDUULHUV$SUHOLPLQDU\WHVWULJLQDPELHQWRSHUDWLQJFRQGLWLRQVZDVDOVRFRQVWUXFWHGLQRUGHUWRRSWLPL]HWKH
ILQDOGHVLJQ  7KH  N:W ULJ LV FRPSRVHG RI WZR LQWHUFRQQHFWHG FLUFXODWLQJ IOXLGL]HG EHG DQG  LW LV RSHUDWHGZLWK
QDWXUDOJDV )RXU GLIIHUHQW R[\JHQFDUULHUVKDYHEHHQWHVWHGZLWKWKHPDLQSDUWRI WKH WHVWVSHUIRUPHGZLWKWKH1 




DQGEXLOW IRU&/&RSHUDWLRQZLWKQDWXUDOJDVDWDIXHO SRZHURIN:7KHFRQFHSWLVVKRZQLQ )LJXUH 7KHSLORW
ULJ GHVLJQ DOORZV RSHUDWLRQ DW KLJK VROLGV FLUFXODWLRQ ORZ VROLGV LQYHQWRULHV DQG ORZ VROLGV  UHVLGHQFH WLPH7KH
FKRVHQ '&)% UHDFWRU V\VWHP KDV D KLJK SRWHQWLDO IRU VFDOH XS 7KHUHIRUH WKH UHVXOWV REWDLQHG FDQ EH DVVLJQHG WR
ODUJHSODQWVWRVRPHH[WHQW'HWDLOVRQWKHGHVLJQRIWKHUHDFWRUV\VWHPKDYHUH FHQWO\EHHQUHSRUWHGHOVHZKHUH >@
$ERXW  KRXUV RI &/& DQG &/5 RSHUDWLRQ H[SHULHQFH ZLWK 1L EDVHG R[\JHQ FDUULHUV  DW GLIIHUHQW EHG
LQYHQWRULHV KDYH EHHQ UHDFKHG DW WKH WHVW ULJ EHWZHHQ0D\ DQG$XJXVW  7KH XQLW KDV EHHQ IXHOOHGZLWK &+
&2+& + RU PL[WXUHV RI WKHVH JDVHV DQG FDQ EH RSHUDWHG ZLWK GLIIHUHQW R[\JHQ FDUULHUV 7KH WZR 1L EDVHG
R[\JHQFDUULHUV  19,72DQG 19,720J DUH FRPSDUHG DQG GLVFXVVHG IRU QDWXUDO JDV &+ IXHOOHG RSHUDWLRQ
*HQHUDOO\D YHU\ORZWHPSHUDWXUHGLIIHUHQFHEHWZHHQDLU UHDFWRUDQGIXHO UHDFWRURIRQO\ °& DOUHDG\LQGLFDW HV
UHODWLYHO\KLJKVROLGVFLUFXODWLRQUDWHV%DVHGRQVROLGVDPSOHVWDNHQGLUHFWO\RXWRIWKHORRSVHDOVLQWKHJOREDOORRS
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 ±  
WKH VROLGV FLUFXODWLRQ UDWH FDQ EH GHWHUPLQHG ZLWK JUHDW DFFXUDF\ 7KH  UHVXOWV VKRZ DLU UHDFWRU HQWUDLQP HQW UDWHV
EHWZHHQDQGNJP V 
$OVRLQWKH'&)%ULJWKHSDUWLFOHVDFKLHYHKLJK&+FRQYHUVLRQDQGKLJK&2\LHOG)LJXUH UHSRUWVWHPSHUDWXUH




RI PHWDOOLF QLFNHO DW WKH VXUIDFHV RI PRUH R[LGL]HG SDUWLFOHV ,QWHUHVWLQJO\ WKH JOREDO GHJUHH RI R[LGDWLRQ RI WKH
FLUFXODWLQJ SDUWLFOHV LV UDWKHU ORZ 7KLV LQGLFDWHV WKDW WKH DLU UHDFWRU UHDFWLRQ OLPLWV WKH SURFHVV ZKLFK LV DQ
LQWHUHVWLQJ ILQGLQJ ZLWK VRPH UHOHYDQFH IRU ODUJHU VFDOH &/& XQLWV ZKHUH KLJK FLUFXODWLRQ UDWHV DQG ORZ VROLGV



















































0DWKHPDWLFDOPRGHOOLQJRI WKH&/&UHDFWRUV\VWHPSURYLGHVFKHDSDQGHDV\VROXW LRQ IRURSWLPLVDWLRQDQGVFDOH 
XS RI WKH SURFHVV ,Q WKLVZRUN DPDWKHPDWLFDOPRGHO GHVFULELQJ WKH EHKDYLRU RI WKH  N:WK &/& SLORW SODQW
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HQYLURQPHQWDO LVVXHV ELRGLYHUVLW\HFRV\VWHPVHWFFVRFLDO LVVXHV MREVHFRQRPLF LPSDFWHWF 1RRXWULJKWVKRZ
VWRSSHUVFRXOGEHLGHQWLILHG 7KHPRVW LPSRUWDQW LVVXH LGHQWLILHGZDV WKHQLFNHOFRQWDLQLQJSDUWLFOHVHPLVVLRQV IURP



































&KHPLFDO/RRSLQJ&RPEXVWLRQZLWK1L EDVHGR[\JHQFDUULHUV3DUW)DWHRIVXOIXUVXEPLWWHGIRUSXEOLFDWLRQ  
 $GDQH]-'XHVR&'H'LHJR/*DUFLD/DELDQR)DQG$EDG$(IIHFWRIIXHOJDVFRPSRVLWLRQLQ&KHPLFDO/RRSLQJ
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